Camouflage technology has attracted growing interest for many thermal applications. Previous experimental demonstrations of thermal camouflage technology have not adequately explored the ability to continuously camouflage objects either at varying background temperatures or for wide observation angles. In this study, a thermal camouflage device incorporating the phase-changing material Ge 2 Sb 2 Te 5 (GST) is experimentally demonstrated. It has been shown that near-perfect thermal camouflage can be continuously achieved for background temperatures ranging from 30°C to 50°C by tuning the emissivity of the device, which is attained by controlling the GST phase change. The thermal camouflage is robust when the observation angle is changed from 0°to 60°. This demonstration paves the way toward dynamic thermal emission control both within the scientific field and for practical applications in thermal information.
Introduction
Camouflage technology, which has the ability to hide or disguise an object (a person, an animal, or a piece of equipment) in the background 1 , has attracted increasing interest for many thermal applications. In terms of the physical mechanisms behind it, camouflage technology can be divided into two categories: color camouflage and thermal camouflage. Color camouflage is achieved by tuning light reflection or transmission to match the object's appearance to the background in the visible or near-infrared range [2] [3] [4] . Many natural creatures such as cephalopods or chameleons can rapidly change their skin color to camouflage in this way 5, 6 . The function of thermal camouflage, however, is to match the radiation temperature of a given object T r (defined as the temperature at which a blackbody has an integrated radiance B bb (T r ) equal to that of the object at temperature T, B bb (T r ) = B(T )) with that of the background by controlling thermal emission. Therefore, thermal camouflage can befool the thermal imagers, which distinguish the object from the background based on their radiation temperature difference.
Traditional thermal camouflage uses a low-emissivity coating, which reduces the object's radiation temperature, to make the object blend into the background 7 . However, the emissivity of a traditional camouflage coating is fixed, and the objects can only be camouflaged in a fixed background temperature. Once the background temperature changes, the object can be easily discovered by the thermal imagers because of the radiation temperature difference between the object and the background. In addition, the observation angle robustness of thermal camouflage is an important factor for practical applications, as the targets can be discovered from wide observation angles. Therefore, thermal camouflage technology that can be used at varying background temperatures and wide observation angles needs to be explored.
Thermal camouflage with the ability to tune the thermal emissivity of the object can be used at varying background temperatures. Most of the methods to engineer emissivity and thermal emission are static [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and contribute to a number of applications, including radiative cooling [25] [26] [27] [28] , thermophotovoltaics [29] [30] [31] [32] [33] [34] [35] , and sensing 36, 37 . Recent works have extended emissivity control to dynamically reconfigurable materials, including graphene 38 , quantum wells 39 , doped zinc oxide 40 , and thermochromic metamaterials 41 .
However, these works have not investigated their potential uses for creating thermal camouflage. It has, however, been demonstrated that the thermal emission of a device consisting of vanadium dioxide (VO 2 ) can be controlled dynamically and it can therefore be used for thermal camouflage 42, 43 . Moreover, thermal camouflage for a specific background temperature distribution can be created using natural materials 44 or metamaterials based on transformation thermotics 45 . However, the ability to continuously camouflage objects either at varying background temperatures or for wide observation angles has not yet been experimentally explored.
In this study, a thermal camouflage device consisting of a Ge 2 Sb 2 Te 5 (GST) film on top of a metal film is experimentally demonstrated. The phase-changing material GST has been used in various switchable optoelectronic devices [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] . Here we report the first thermal camouflage device incorporating the phase-changing material GST, which can camouflage at varying background temperatures and for wide observation angles. Continuous thermal camouflage is achieved by controlling the GST phase transition, during which the imaginary part of the permittivity of the GST increases, which, in turn, increases the emissivity. This thermal camouflage device presents several advantages as follows: (1) large background camouflage temperature range: thermal camouflage is experimentally demonstrated when the background temperature changes from 30°C to 50°C. (2) Robust with regard to the observation angle: the thermal camouflage is robust over a large range of observation angles, from 0°to 60°. (3) Size flexibility: the emissivity of the surface can be spatially tuned with a patterned layer of GST. We have demonstrated that the spatial emissivities of patterned GST-Au samples exhibit a spatial resolution of 500 μm (checkerboard pattern) and 100 μm (ZJU pattern). (4) Easy fabrication: the fabrication involves only simple film deposition. This thermal camouflage technology, based on phase-changing material, can be applied to dynamically control the thermal emission in fundamental science and significantly benefit a number of applications, including thermal camouflage and heat management for outer space.
Materials and methods

Fabrication of GST-based devices
To fabricate GST-Au devices, a 100 nm-thick Au film and subsequently a 350 nm GST film are deposited on a silicon substrate by high vacuum magnetron sputtering under room temperature. Both the GST thickness and the metallic material have been optimized to achieve a large camouflage temperature range (see Fig. S7 and Fig. S8 ). The GST alloy is composed of germanium (Ge), antimony (Sb), and tellurium (Te) with a deposition ratio of 2:2:5. The Ge component is DC sputtered with a power of 32 W, whereas the other two components (Sb and Te) are radio frequency (RF) sputtered with powers of 40 W and 60 W, respectively. The starting pressure and working pressure are set to 5 × 10 −4 Pa and 0.1 Pa separately, to maintain the deposition rate at 0.53 nm s −1 . For the spatially resolved GST-Au devices, a 100 nmthick Au film is deposited first. A 1.5 μm-thick photoresist (AR-P 5350) is then spun onto the Au film and annealed for 5 min at 105°C. The photoresist is exposed to define a checkerboard pattern and a ZJU pattern using a doublesided mask aligner system (MA6-BSA). The photoresist is then developed in 1:6 AR 300-26/ Deionized (DI) water followed by rinsing in DI water. After development, a 350 nm-thick GST film is then deposited onto the sample by magnetron sputtering. The spatially resolved GST-Au devices are created after lift-off by ultrasonic processing in acetone for 1 min.
Optical measurements
The infrared images are recorded by an infrared camera (FLIR S65). The spectral range of the infrared camera is between 7.5 μm and 13 μm. The spatial resolution of the infrared camera is 500 μm. The spectral radiance is measured by a Fourier transform infrared spectrometer (FTIR) with a room-temperature doped triglycine sulfate detector.
Numerical simulations
The finite-difference time-domain method (FDTD Solutions v8.13, Lumerical) is used to compute the optical responses of the MIM thermal emitter. The relative permittivity of gold is obtained from Palik's handbook. The relative permittivities of GST (2.5 µm-15 µm) are obtained experimentally from the fabricated GST films (Fig. S1 ). According to Kirchhoff's law of thermal radiation, the absorptivities at different incident angles are equal to the emissivities at the corresponding observation angles. The simulated emissivities can be replaced by the simulated absorptivities, and the observation angles can be replaced by the incident angles.
Results and discussion
The radiation temperature (T r ) of an object recorded in infrared images is not equal to its real temperature (T) unless the object is a blackbody. The radiation temperature is related to several factors, which are included in the following equation:
where T r is the radiation temperature detected by an infrared (IR) camera, C is the specific constant of the IR camera, P obj is the emitted power of the object detected by the IR camera, I obj is the spectral radiance of the object, ε obj is the emissivity of the object, and [λ 1 , λ 2 ] is the spectral range of the IR camera (FLIR S65: 7.5 μm-13 μm). The radiation temperature of the object is directly related to the emitted power of the object P obj , which is determined by the emissivity of the object, the real temperature of the object, and the spectral range of the IR camera. Most natural environments, such as bare soil (emissivity ε = 0.91), grass (ε = 0.95), and shrub (ε = 0.98), have emissivity close to a blackbody. Furthermore, the temperature of the environmental background keeps changing while the temperature of the object, such as a vehicle, remains fixed under most circumstances. This makes the direct camouflage of a fixed object in a varying background difficult. By covering the object with camouflage coating with tunable emissivity, the radiation temperature of the object can be controlled to match that of the background so that an infrared camera cannot distinguish the object from the background. In this study, thermal camouflage is explored in the situation in which the object temperature is fixed at 60°C and the background temperature is changed from 30°C to 50°C, to mimic the situation of an object at varying background temperatures. Thermal camouflage is not investigated at background temperatures below 30°C in this study, as this would necessitate an additional cooling system. The principle of thermal camouflage for different background temperatures based on the phase-changing material GST is illustrated in Fig. 1 . The surface of an object (a tank here) is partly covered with a GST-Au double-layered film. When the background temperature increases from T 1 to T 3 (T 3 > T 2 > T 1 ), the background color changes from blue (cold: a low radiation temperature) to red (hot: a high radiation temperature) in the thermal images. The surface of the tank's upper body at a fixed temperature T 0 (T 0 > T 3 ) can be made to blend into the background by controlling the thermal emission based on different GST phases. The as-deposited GST is in the amorphous phase (termed aGST) with a disordered atomic distribution. Intermediate GST (termed iGST) and crystalline GST (termed cGST) with a well-organized atomic distribution are obtained by annealing it at 200°C on a hot plate for less than and greater than 60 s, respectively (see Fig. 1a ). The intermediate GST consists of different proportions of amorphous and crystalline GST molecules. Different GST phases can be obtained by controlling the annealing time. GST has long been used in non-volatile memory, such as rewritable optical discs (in DVD and Blu-ray formats). It has been previously experimentally demonstrated that a GST film remains stable in a certain phase for years at room temperature 53, 63 .
The relative permittivities of aGST and cGST are different due to their different atomic distributions. The imaginary part of the relative permittivity of aGST is negligible, whereas the imaginary part of the relative permittivity of cGST increases with the wavelength (Fig.  S1 ). It can be concluded that aGST is transparent, whereas cGST is highly absorptive in the mid-infrared wavelength range. The GST film in the intermediate phases consists of different proportions of amorphous and crystalline molecules, and the effective permittivity of such a GST film can be estimated by the Lorentz-Lorenz relation 57 . For the aGST-Au device, there is no resistive loss in the aGST layer, and only resistive loss in the Au layer contributes to the thermal emission. For the cGSTAu device, resistive loss in both the cGST layer and the Au layer contributes to the thermal emission. This is why the aGST-Au device has a lower emissivity compared to the cGST-Au device (see Fig. 1c ). The emissivities of aGST-Au and cGST-Au devices are measured using a FTIR. Further, the iGST-Au device has an emissivity between that of the aGST-Au and cGST-Au devices since the iGST film consists of different proportions of aGST and cGST. The radiation temperature of the GST-Au device also increases when GST is changed from aGST to cGST due to the increased emissivity.
The evolution of the X-ray diffraction (XRD) patterns of GST films with different annealing time (annealing temperature is fixed at 200°C) is shown in Fig. S6 . The asdeposited GST thin film has no diffraction peaks, indicating that it is in an amorphous state. Two peaks ((200) and (220)), which are the two most intense characteristic XRD peaks of the face-centered cubic (FCC) phase, appear when the annealing time is increased. It is observed that the diffraction intensity of these peaks ((200) and (220)) increases with annealing time, which indicates that crystallinity increases gradually with annealing time. The measured XRD results for different GST states are also in accordance with other reports 64, 65 . The experimental setup is shown in Fig. 1b . The blackbody (mimicking the background) temperature is changed from 30°C to 50°C, and the GST-Au device (mimicking the object) temperature is fixed at 60°C. In this experiment, we use black soot as the background material. Black soot is generally regarded as a good reference to approximate a blackbody owing to its high wavelength-independent emissivity (approximately 0.97). Here, the black soot reference is produced by firing a rectangular stainless steel slice with a candle for 60 s. The object is annealed at 200°C for different times to control the crystallization fraction of GST. The infrared images of the object and the background are recorded by the infrared camera simultaneously to evaluate the thermal camouflage ability of the device. As mentioned above, the emissivities of many natural environments are close to that of a blackbody and a blackbody is thus chosen as the background. The camouflage device is tested in the blackbody background to check the performance of the camouflage device in a natural environment-like situation. The samples used for camouflage are kept at a temperature higher than the background in this study, as a blackbody-like background is used. If a background with a low emissivity (such as gravel) is used, the sample temperature can be kept lower than that of the background.
Infrared images are recorded to show the ability to achieve thermal camouflage at different background temperatures. When the background temperature is 30°C
, the radiation temperatures of both the object and the background are approximately 30°C, and the object can hardly be distinguished from the background in the infrared image (Fig. 2a) . To mimic different natural environments, the radiation temperature of the background is manipulated by increasing the real temperature There are two heating stages in our setup. One is used to anneal the background (blackbody), with the temperature changing from 30°C to 50°C, and the other is used to anneal the object (emissivity-tunable sample) at a fixed temperature 60°C. c The measured emissivities are collected at normal angle for aGST-Au and cGST-Au devices from 30°C to 50°C with a step of 10°C. The cold object can thereby be easily distinguished from the hot background since the radiation temperature of the object still remains at approximately 30°C (Fig. 2d, g ). The emissivity of the object is enhanced as the annealing time of the object is increased (Fig. S3) . Therefore, the radiation temperature of the object increases and thermal camouflage is achieved. The radiation temperature of the object can be matched with the background temperature of 40°C when the object is annealed at 200°C for 40 s (Fig. 2e) . The radiation temperature of the object can be further increased by annealing the object at 200°C for 60 s and thermal camouflage can be achieved for the background temperature of 50°C (Fig. 2i) . As a result, thermal camouflage is achieved when the background temperature is changed from 30°C to 50°C.
The measured spectral radiance at different temperatures of the background (termed BG) and different annealing time of the object (termed OB) is shown in Fig. 2j . The radiance of the background is enhanced when the background temperature is increased from 30°C to 50°C. The radiance of the object at a fixed temperature of 60°C also increases when the annealing time is increased. The emitted power of the background and the object is obtained by integrating the spectral radiance over the infrared camera's spectral range from 7.5 μm to 13 μm. The emitted power of the background increases with background temperature (Fig. S4) . The emitted power of the object can be tuned by manipulating the annealing time, and it can thereby be matched with that of the background at different temperatures. Therefore, the radiation temperatures of the object and the background can be close enough to fool the infrared imagers. The emitted powers of the background, aGST-Au device, and cGST-Au device are shown in Fig. 2k . The emitted power is obtained by integrating the experimental spectral radiance over the spectral range from 7.5 μm to 13 μm. The emitted power tuning range ΔP (P max − P min ) is the difference between the emitted power of the cGSTAu and aGST-Au devices. If the emitted power of the background is in the range from P min to P max , then thermal camouflage can be achieved by controlling the GST phase to match the emitted power of the GST-Au device with that of the background. The temperature of the background at which its emitted power is the same as P max is T max . Similarly, the temperature of the background T min corresponds to P min . The background camouflage temperature range ΔT is the difference between T min and T max . The object can be camouflaged for a larger background temperature range by simply increasing the object temperature, as shown in Fig. S5 . For example, when the object temperature is 30°C, the background camouflage temperature range in which perfect camouflage can be achieved is from 28°C to 30°C. The background camouflage temperature range is from 41°C to 119°C when the object temperature is increased to 150°C. This helps to camouflage the object in extreme environmental backgrounds with a large temperature range.
The robustness of thermal camouflage to the observation angle over a large range from 0°to 60°is presented in Fig. 3a . The first column of infrared images at the observation angle of 0°represents the perfect thermal camouflage cases shown in Fig. 2a , e, and i. When the observation angle is increased from 0°to 60°, the measured radiation temperature of the object remains almost the same as that of the background, indicating that the thermal camouflage device works well even at a large observation angles. The sample is actually annealed by a heater placed right beneath it. For small observation angles ( < 30°), the heater is hidden by the sample, as the view is from the top to the bottom (similar to a top view). For large observation angles ( > 30°), the heat below can be seen (similar to a side view). The heater has a lower emissivity than the sample and blackbody because of its metal surface. This is the reason why the objects look different at angles > 30°and angles < 30°. This thermal camouflage device has practical applications. Targets can be discovered from a wide range of observation angles, and therefore, the robustness of thermal camouflage to the observation angle is of paramount importance for the targets' survivability. The thermal images of the device do not look very uniform, especially for the intermediate GST. This non-uniformity in the thermal images results from the gradual long-range variations in the film thickness and roughness, and from a slight inhomogeneity in the temperature distribution.
The emissivities of GST-Au devices at different observation angles are calculated to validate the robustness of the thermal camouflage over different observation angles. The infrared camera receives the thermal emission of both Transverse Electric (TE) and Transverse Magnetic (TM) polarizations. Therefore, we calculate the average emissivities of TM and TE polarizations for aGST-Au and cGST-Au devices, which are shown in Fig. 3d, g, respec- tively. These figures indicate that the emissivities remain independent of the observation angle (0°to 60°). This result confirms what we obtained from the infrared images. In Fig. 3a , the object in the first and third rows is in the aGST and cGST phases, respectively, and the object in the second row is in the iGST phase. For both aGST-Au and cGST-Au devices, the emissivities are insensitive to the observation angles for the TM, TE, and average of TM and TE polarizations (Fig. 3b-g ). It can be concluded that the emissivities of the iGST-Au device are also insensitive to the observation angle because the iGST film can be regarded as a combination of aGST and cGST molecules. The experimental emissivities measured by FTIR also turn out to be independent of the observation angle, which is in agreement with the calculated emissivities (shown in Fig. S2 ).
To explore the camouflage limit for microscopic objects, the spatial emissivities of patterned GST-Au devices with different GST phases are studied further. The spatial shaping of the GST-Au devices' emissivities can encode spatial information in infrared images by patterning the top layer GST. Spatially resolved infrared images of the checkerboard pattern and ZJU (abbreviated form of Zhejiang University) pattern are shown in Fig. 4a , b, respectively. For checkerboard patterns (w = 1 mm and w = 500 µm), the smallest squares cannot be clearly identified from the background (metal film) before annealing. This is because both the GST and the metallic background have a low radiation temperature. When the annealing time is increased gradually, the GST squares (red color) become prominent and can be distinguished from the metallic background (blue color) as the radiation temperature of the GST squares increases. When the square pixel size w is reduced to 500 µm, which is close to our infrared camera's spatial resolution, the contrast of the adjacent areas decreases, but the squares can still be identified from the background. For the ZJU pattern, it can be identified even though the line width of the ZJU pattern is 100 μm. For the checkerboard pattern, the spatial camouflage resolution is limited by the resolution of the infrared camera. However, this limit is broken in case of the ZJU pattern, as it has much less disturbance from adjacent GST structures. Therefore, it can be concluded that the spatial camouflage resolution is limited by the surrounding structures and the infrared camera resolution. The two blocks in Fig. 4b are GST with the same thickness as the ZJU pattern. These two blocks are designed as markers for locating the ZJU pattern and for estimating the crystallization fraction of GST in the ZJU pattern by measuring their emission spectrum. The emission spectrum of the ZJU pattern cannot be directly measured, because the linewidth is too small.
The radiation temperature differences (Ts − Tb) between the GST film and the metallic background for different annealing time are shown in Fig. 4c . Ts and Tb are calculated by averaging the radiation temperature of ten arbitrarily selected points from GST and the metal background, respectively. The radiation temperature difference in the checkerboard pattern (w = 1 mm) increases from near 1°C to 27°C when the annealing time is increased from 0 s to 1000 s. For the square pixel size 500 µm, the radiation temperature difference can only increase up to 15°C from 1°C when the annealing time is increased from 0 s to 1000 s. The lower value of the radiation temperature difference for this checkerboard (w = 500 μm) can be attributed to the fact that the thermal Fig. 3 The robustness to the observation angle of the thermal camouflage. a The infrared images are recorded by the infrared camera at different observation angles ranging from 0°to 60°. The objects are aGST-Au, iGST-Au, and cGST-Au for the first, second, and third rows, respectively. The boundaries between the sample and the heater are marked by the white dotted lines in the images, which correspond to observation angles of 50°and 60°, and background temperatures of 30°C and 40°C. b-g Calculated observation angle dependence of the emissivities of aGST-Au and cGST-Au devices for TM, TE, and average of TM and TE polarizations camera spatial resolution is close to the size of the smallest GST squares. This leads to the lower average radiation temperature of the GST squares, whereas the average radiation temperature for the metal background is increased. The radiation temperature difference for the ZJU pattern increases up to approximately 6°C from less than 1°C when the annealing time of GST is increased from 0 s to 1000 s. The radiation temperature difference in the ZJU pattern is far less than that in the checkerboard pattern, because the ZJU line width (100 μm) is much less than the infrared camera's spatial resolution (500 μm), and thermal emission from the ZJU line is averaged along with the adjacent low-emission metal background. This patterned GST on metal film can also be used to carry encoded spatial information, which can later be decoded using a thermal camera.
Conclusions
In conclusion, a thermal camouflage device was investigated experimentally at varying background temperatures. It has been demonstrated that perfect thermal camouflage can be achieved when the background temperature changes continuously from 30°C to 50°C (the temperature of the object is fixed at 60°C). The thermal camouflage is robust over a large range of observation angles, from 0°to 60°. Furthermore, it has been experimentally demonstrated that GST-Au devices with a top layer of patterned GST can encode spatial information, which can later be decoded using a thermal camera. This device also has the potential to work in a background changing from a high temperature to a low temperature by controlling the phase transition of GST from crystalline to amorphous (reamorphization). This reamorphization can be achieved by laser pulses (fs or ns) 46, 47 or electrical pulses 49, 66 . This GST-based device manifests the ability to control thermal emissions dynamically and can significantly benefit new thermal camouflage technology.
